MicroRNAs are essential in many cellular processes. The ability to detect microRNAs is important for understanding its function and biogenesis. This study is aimed at using a molecular beacon to detect miR-430 in developing zebrafish embryos as a proof of principle. miR-430 is crucial for the clearance of maternal mRNA during maternal zygotic transition in embryonic development. Despite its known function, the temporal and spatial expression of miR-430 remains unclear. We used various imaging techniques, including laser scanning confocal microscopy, spinning disk, and lightsheet microscopy, to study the localization of miR-430 and any developmental defects possibly caused by the molecular beacon. Our results show that miR-430 is expressed early in development and is localized in distinct cytoplasmic granules where its target mRNA can be detected. We also show that the designed molecular beacon can inhibit the function of miR-430 and cause developmental defect in the brain, notochord, heart, and kidney, depending on the delivery site within the embryo, suggesting that miR-430 plays a diverse role in embryonic morphogenesis. When compared with morpholino, molecular beacon is 2 orders of magnitude more potent in inhibiting miR-430. Thus, our results reveal that in addition to being used as a valuable tool for the detection of microRNAs in vivo, molecular beacons can also be employed to inhibit microRNAs in a specific manner.
MicroRNAs (miRNAs) 2 are a class of short, non-coding RNAs involved in the regulation of gene expression at the posttranscriptional level. MiRNAs are implicated in many diseases and are essential in many cellular processes including development (1) . Understanding the spatial expression of these small RNAs inside the cell can provide important information about their molecular function. The use of in situ hybridization to study intracellular localization of miRNAs in fixed cells has technical limitations because of the small size and low quantities of the RNA (2) . In addition, an unusual high background, possibly contributed by nonspecific binding to DNA, can make interpretation of results difficult (3) . Live imaging of miRNAs has been attempted in many studies, but success remains questionable, mainly because of challenges in the delivery of miRNA sensors to the appropriate compartment inside the cell. Most sensors were introduced into cells using a lipid-based delivery system, which may bias the delivery of the sensors to the endocytic pathway of the cell destined for degradation. In fact, the pattern of miRNA expression in punctate structures shown by these studies differs substantially from in situ hybridization experiments (3) (4) (5) (6) (7) (8) (9) (10) . Among the many types of sensors used in tracking miRNAs, molecular beacons hold the greatest promise because of their high specificity toward small sequences of RNA and low signal to noise ratio (11, 12) . Furthermore, molecular beacons are able to provide real time signals without relying on other indirect and complicated detection systems such as fluorescent or bioluminescent protein-based systems (6 -7, 13-15) . Because of the aforementioned obstacles, the usefulness of molecular beacons for the real time imaging of miRNA in live cells remains uncertain. This study was aimed at using a molecular beacon and the developing zebrafish embryo to track the expression of miR-430 as a proof of principle. To avoid bias in the results caused by delivery, the molecular beacon was introduced into the large cells of the zebrafish embryo by microinjection.
Molecular beacons are short oligonucleotide sequences with a stem-loop structure (see Fig. 1A ) containing a single-stranded loop region that is antisense to the target sequence to be detected (11) . The loop region is flanked by two short sequences, usually four to seven nucleotides, which are selfcomplementary and form the double-stranded stem region of the beacon. Attached to the 5Ј and 3Ј ends of a molecular beacon are a fluorophore and a quencher. In the absence of the target sequence, the molecular beacon is in its closed conformation with the quencher in close proximity to the fluorophore thus emitting low fluorescence signal. Upon hybridization to a specific target sequence, the molecular beacon is in its open conformation, and the fluorophore is no longer quenched thus emitting a strong signal. Disruption of the secondary structure of the molecular beacon forms the basis for its ability to detect oligonucleotides with a low signal to background ratio. The ability of molecular beacons to quantify miRNAs in a highly sensitive and sequence-specific manner has been previously demonstrated in vitro (16) .
In the zebrafish (Danio rerio), only a few miRNAs are expressed during early development, and some of them are essential (17) . Among them, miR-430 has been shown to be highly expressed as early as 2.5 h postfertilization (hpf) (17) and is required for the degradation of maternal mRNA during maternal zygotic transition (MZT) (18) . Such function of miR-430 was also demonstrated by its ortholog (miR-427) in Xenopus (19) . MiR-430 is also involved in germ layer specification through its role in regulating nodal signaling (20, 21) . Although the mechanism of how miR-430 functions to control the cascade of events leading to the massive turnover of maternal mRNA remains largely unclear, the lack of this miRNA eventually causes defects in brain development (22) . In the zebrafish, the miR-430 family has several members including miR-430a, miR-430b, miR-430c, and miR-430i with multiple genes encoding each of the miR-430 members (22) (23) (24) . Because miR-430 plays such an important role in development, it would be of interest to study the spatial and temporal expression of this miRNA in more detail. Using the zebrafish embryo as a model system, we are able to demonstrate the usefulness of a molecular beacon to track a specific miRNA in vivo as a proof of principle. Our results also unexpectedly show that molecular beacon can be used as a strong miRNA inhibitor for studying development.
Results
Specificity of MB-miR430b-A molecular beacon with a fluorophore and a quencher was designed to detect miR-430b in the zebrafish embryo ( Fig. 1A ). For simplicity, MB-miR430b is named as MB for the rest of this paper. As shown in Fig. 1 (B-E), an increase in fluorescence signal caused by dequenching occurs in the presence of RNA or DNA oligonucleotides having bases complementary to the loop region of MB. Binding of MB to its target molecule is dependent on time as well as the concentration of the target molecule ( Fig. 1, B and C). The binding of MB to its target was shown to occur faster if the target molecule is made with DNA rather than RNA ( Fig. 1E , blue versus red). To determine the sequence specificity of MB, target molecules belonging to the miR-430 family, but with mismatches ( Fig. 1A) , were also tested. Mismatches in the target molecules with DNA backbone were shown to completely abolish the binding of MB, whereas mismatches in RNA target appears to have a less impact on binding ( Fig. 1, D and E) . For instance, miR-430c-RNA was still able to bind to MB but as compared with miR-430b-RNA, the rate of binding was substantially lower (Fig. 1E ). To determine the stability of the various hybrids formed upon binding of the MB to different target molecules, melting curves of the hybrids were generated ( Fig. 1F ). As shown, the melting temperature (T M ) of MB in buffer (79°C) did not change when miR-430a-DNA, miR-430c-DNA and miR-430i-DNA were present, confirming that these molecules do not bind to MB. When miR-430b-DNA was present, the T M was reduced to 53°C, which is considerably lower than the T M of the hybrid with miR-430b-RNA of 74°C, confirming that a change in the backbone of the target molecule from RNA to DNA does lower the affinity of binding. Also, a lower T M obtained with miR-430c-RNA (51°C) also confirms that mismatches in the RNA sequence does contribute to lower stability of the duplex.
MB Localization in Early Development-Previous studies have shown that miR-430 is expressed as early as 2.5 hpf in zebrafish embryos as detected by microarray analysis (17) . We are interested to see whether miR-430 can be detected at a much earlier time using a molecular beacon. When MB was injected at the 1-cell stage in zebrafish embryos, a nuclear signal, as well as diffuse cytoplasmic signal, was observed at the 16-cell stage (1.5 hpf) ( Fig. 2A ), suggesting that MB was localized predominantly in the nucleus. At 4 hpf, MB is localized in the nucleus, as well as in granular structures in the cytoplasm (Fig. 2B ). As a control, we injected another molecular beacon with the loop region complementary to a piRNA (piR-dre-210905), which is expressed as early as the 256-cell stage (17) . We found that the piRNA is localized in the nucleus but not in granular structures within the cytoplasm (Fig. 2 , C and D). The cellular distribution of MB was followed in a time series experiment after 4 hpf when the cytoplasmic granules are visible ( Fig.  2 , E-H). During parts of the cell cycle, MB localization in the nucleus disappeared and reappeared as the nuclei were disassembled (white, red, and pink arrows) and reassembled (white, red, and pink arrowheads). As the nuclear signal disappeared in each cell cycle, there was an increase in the overall signal throughout the cell, suggesting the target-bound MB is no longer confined to the nucleus (Fig. 2, F and G) . In contrast, MB localization in cytoplasmic granules did not appear to be affected by the cell cycle and remained visible when the nucleus was disassembled. To determine whether nuclear localization of MB is due to nonspecific binding of MB to chromatin, another molecular beacon that targets to a human c-Myc sequence was included as a control (supplemental Fig. S1 ). Nuclear localization of this control beacon was found to be minimal, suggesting that nuclear localization of MB is specific. Next we tested whether the nuclear localization of MB is due to binding to miR-430 gene or miR-430 precursors by performing transcriptional inhibition experiments using actinomycin D. Because MB can bind to complementary sequence with DNA backbone (Fig. 1) , it may be possible that MB is binding to miR-430 precursors, as well as DNA sequences in the genome encoding the microRNA. Actinomycin D was microinjected at the 1-cell stage, and cell division was not affected within the period for imaging MB (Fig. 2I ). As shown by the complete abolishment of the nuclear signal in the absence of transcription ( Fig. 2, compare B with I), our results suggest that nuclear localization of MB is due to MB binding to miR-430 or its precursors but not the miRNA genes. Cytoplasmic granules were also abolished as miRNA biogenesis was stopped because of transcriptional inhibition (Fig. 2, compare B with I). To determine whether the formation of the granules requires microtubules, we examined the effect of vincristine, a microtubule inhibitor, on the cellular distribution of MB. To ensure that the effect of vincristine is not due to general inhibition of cell division, we injected vincristine in one of the cells at the 16-cell stage after the embryo had been injected with MB at the 1-cell stage and monitored the cellular distribution of MB in the embryo. As shown in Fig. 2J , granules were clearly visible in actively dividing cells (arrowheads). However, the formation of granules was completely abolished in cells which have completely stopped dividing (red region) as well as in cells that have not completely stopped dividing (blue region). These results suggest that granule formation is indeed sensitive to microtubule inhibition.
The important role of miR-430 in the degradation of maternal mRNAs during MZT has been shown previously (18) . To investigate whether miR-430 is associated with the RNA degradation machinery, we carried out immunohistochemistry as well as in situ hybridization using whole embryos that had been previously injected with MB at the 1-cell stage and then fixed at 5 hpf. As shown in Fig. 2 (L-N), nuclear MB co-localized with FIGURE 1. Molecular beacon exhibits specificity toward miR-430b. A, secondary structure of MB-miR430b with nucleotides shown in red indicating the region complementary to dre-miR-430b. Other members of the miR-430 family in zebrafish (D. rerio) are aligned with miR-430b for comparison. The seed sequence of each miRNA is shown in pink, whereas a mismatch is indicated by x. B and C, hybridization of MB to its RNA (B) or DNA (C) target is both concentration-and time-dependent. D, binding of MB toward its target made with DNA is highly sequence specific because none of miR-430a-DNA, miR-430c, or miR-430i (320 nM) exhibited any binding. E, however, MB can still bind to miR-430c-RNA (320 nM), although at a slower rate when compared with miR-430b-RNA. F, the binding of MB to its various target molecules was also analyzed by generating the melting curve with each target molecule.
FIGURE 2. Localization of MB in the developing zebrafish embryo.
A-D, MB and a control beacon were injected at the 1-cell stage and monitored from the 8-cell stage to 4 hpf to determine their cellular localization. Early in development, both beacons showed nuclear and cytoplasmic localization (A and C). B and D, at 4 hpf, MB was found to localize to both the nucleus and granules within the cytoplasm (B), whereas the control beacon remained predominantly in the nucleus (D). E-H, time lapse experiment was performed using spinning disk microscopy to further monitor the localization of MB throughout the cell division cycle after a zebrafish embryo was injected with MB at the 1-cell stage (0.03 mol). MB localization in the nucleus disappeared before nuclear division (white, pink, and red arrows in E and F) and reappeared in the newly formed nuclei of daughter cells (red arrowheads in G and H and white and pink arrowheads in H). I, to determine whether the nuclear signal was due to MB binding to DNA or miR-430 precursors, actinomycin D (3.2 mol) was co-injected with MB (0.05 mol) at the 1-cell stage to stop transcription. J and K, to determine whether the formation of the cytoplasmic granules were dependent on microtubules, a vincristine experiment was performed. Zebrafish embryo was first injected with MB at the 1-cell stage (0.02 mol) and subsequently injected with vincristine (0.025 mol) into one of the cells at the 16-cell stage to examine the localized effect of vincristine on MB localization. Some of the cells within the same embryo stopped dividing as a result of localized injection of vincristine (red and blue regions). Both nuclear and granular localization of MB was abolished in the same region (J), whereas cytoplasmic granules are clearly visible in neighboring cells that were still actively dividing (J, arrowheads). To determine whether MB is co-localized with any of the RNA degradation machinery, MB-injected embryos were fixed at 5 hpf and then probed with oligo(dT) (L-N) or immunostained for Dis3 (O-Q), RPS2 (R-T), or Dcp1a (U-W). Scale bars, 10 m except for A and C. oligo(dT), which hybridizes to the poly(A) tails of mRNAs. However, MB cytoplasmic granules were not associated with poly(A)-containing mRNAs in the cytoplasm. Dis3, an exosomal protein that exhibits both endoribonuclease and exoribonuclease activity, plays an important role in degrading RNA within the cell (25, 26) . We found that MB localization was not associated with Dis3, which is known to be mainly distributed in the cytoplasm (Fig. 2 , O-Q). Our results also showed that miR-430 did not co-localize with Dcp1a ( Fig. 2, U-W) , a decapping enzyme present in P-bodies, which are also known sites of mRNA turnover (27) . Because miR-430 is known to stop translation before causing mRNA turnover (28) , it may be possible that miR-430 is associated with ribosomes. We used RPS2 as a ribosomal marker and tested whether MB is co-localized with RPS2. As shown in Fig. 2 (R-T), RPS2 was distributed in the cytoplasm but not together with MB granules. In an attempt to further characterize the cytoplasmic localization of MB, we designed another molecular beacon to detect Mknk2b mRNA, which is a known target of miR-430. As shown in Fig. 3B , Mknk2b mRNA also formed cytoplasmic granules in addition to being in the nucleus. However, the formation of these granules did not completely match with that of miR-430, either temporally or spatially. The formation of miR-430 granules appeared ϳ1 h before that of Mknk2b mRNA (data not shown). In addition, not all of the miR-430 granules co-localized with Mknk2b mRNA granules ( Fig. 3A ) and vice versa ( Fig. 3B ). It is also interesting to note that some of these granules appeared to be in the process of merging together (Fig. 3D, panels 1 , 2, 4, 9, and 13) . As a negative control, we included another MB, which targets Tnfaip1 mRNA, a known non-target of miR-430 (18) . Unlike Mknk2b mRNA, which is a target of miR-430, Tnfaip1 mRNA was not found in cytoplasmic granules (Fig. 3 , F and G). Immunostaining of Dicer in MB-injected embryos showed that some of the miR-430 granules were also occupied by Dicer ( Fig.  3 , H-K), indicating that some of these granules co-localize with the miRNA biogenesis machinery. In summary, using a specific MB targeted to miR-430, we found that cytoplasmic miR-430 is localized in distinct granules that are shared by its target mRNA.
Developmental Defects Induced by MB-Based on the above findings that both molecular beacons (MB-miR430b and molecular beacon for piR-dre-210905) were localized to the nucleus, we were interested in using them for tracking cells in the developing embryo. With the use of lightsheet microscopy, we followed the development of embryos injected with either MB-miR430b (experimental) or piR-dre-210905 (control) at the beginning of the bud stage. Supplemental Movies S1 and S2 show the entire time lapse experiment, and stacked images from selected time points are shown in Fig. 4 (A and B) . Convergent extension was clearly seen in both experimental and control embryos as cells migrated toward the dorsal midline. The formation of neural folds began at ϳ240 min for both experimental and control embryos (Fig. 4, A and B) . However, MB-injected embryo failed to complete neural fold formation, which was evident at later time points ( Fig. 4 , A, 640Ј-820Ј, and D), whereas control-injected embryo clearly developed neural folds at the end of the time lapse experiment (Fig. 4, B, 880Ј , and F, red arrows). A 2D image of the MB-injected embryo at 24 hpf indicated the absence of a cavity in the brain, whereas the control embryo clearly developed a brain cavity at the same time period ( Fig. 4 , C and E). To further investigate brain ventricle formation, control and MB-injected embryos were fixed at 24 hpf, and the heads of the embryos were imaged using confocal microscopy. As shown in Fig. 4 (G and I) , the control-injected embryo had developed a forebrain, midbrain, and hindbrain with distinct hollow cavities that were not present in the MBinjected embryo. At 48 hpf, MB-injected embryos clearly showed defects in development that were not restricted to the head area ( Fig. 4, H and J) .
The predominant role of miR-430 in brain development had been shown by a previous study using the MZdicer mutants, which are defective in processing precursor miRNAs to mature miRNAs (23) . Our results that MB injection can lead to brain development defects suggest that MB can inhibit the function of miR-430. To further investigate the developmental defects caused by MB, we conducted experiments using localized injection of MB. Thus, we injected MB randomly into one of the blastomeres at the 16-cell stage. Because the cell fate of the embryo is unknown at this development stage, we imaged the embryos at the shield stage, using spinning disk microscopy, to determine the location of the injected MB ( Fig. 5B , panels ii and iv) relative to the embryonic shield ( Fig. 5B, panels i and iii) . Areas of precursor cells at the shield stage responsible for brain/ notochord, circulation/blood, heart, and kidney development is illustrated in Fig. 5A according to Kimmel et al. (29) and Woo et al. (30) . Injected embryos with MB localized in any of these four different areas at the shield stage were monitored for up to 7 days for defects observed under a light microscope. Examples of developmental defects in the brain (absence of hollow cavities), notochord (deformed tube structure), heart (continuous tube rather than formation of a distinct atrium and ventricle), and kidney (overall edema) are shown in Fig. 5C . Defects in circulation/blood development were scored by the complete absence of blood or blood movement in the embryo as observed under a light microscope. Table 1 summarizes the percentages of embryos having various developmental defects after localized injection of MB. In general, the type of developmental defects is highly correlated (70 -95%) with MB accumulation in the specification region of the embryo.
MB Labeling Inhibits the Function of miR-430 -The observed developmental defects suggested that the binding of MB to its target miRNA causes inhibition of the miRNA function. Because miR-430 plays an essential role in the clearance of maternal mRNAs during early embryonic development, we hypothesize that MB can increase the level of the target mRNAs of miR-430. To test this hypothesis, we extracted total RNA from untreated and MB-injected embryos at 48 hpf and measured the level of several mRNAs that have been shown to be targets of miR-430 (18) . The level of Mknk2b, Got2a, and CTZS mRNA, as quantified by qPCR, was clearly elevated in embryos treated with MB, with Mknk2b mRNA having the highest effect. Derepression of these mRNAs confirms that MB, designed for use as a probe to detect miR-430, can also act as a strong inhibitor of this miRNA.
To determine the effectiveness of MB as a miR-430 inhibitor, we compared it with the standard anti-miR using morpholino oligonucleotide with the same complementary region to miR-430 (MO). Using brain defects as an indicator of miR-430 inhibition (as shown in Figs. 5C and 6B) , the dose response of both MB and MO were determined. As shown in Fig. 6A, 0 .01 mol of MB could achieve 100% brain defects, whereas 2 mol of MO was needed to achieve the same effect, nearly 200-fold differ-ence. Only when a high dose of MO was co-injected with MB into the embryos, localization of MB to cytoplasmic granules was inhibited, as a result of competition (Fig. 6C ). This result further suggests that the cytoplasmic granules are occupied by mature miR-430. It is interesting to note that injection of MO could not compete with MB for binding to its targets in . Co-localization of miR-430 with its target mRNA and Dicer. Molecular beacons targeted to Mknk2b or Tnfaip1 mRNA were co-injected with MB-430b at the 1-cell stage, and the embryos were imaged between 5 and 6 hpf to study the cellular distribution of miR-430 (A and E), Mknk2b mRNA (B), or Tnfaip1 mRNA (F). miR-430 clearly co-localized with Mknk2b mRNA both in the nucleus (C) and in some cytoplasmic granules, which are also shown in enlarged images in D. Tnfaip1 mRNA, which is a non-target mRNA of miR-430, was found in the nucleus but not in cytoplasmic granules (F and G). MB-injected embryos were also fixed at 5 hpf and then immunostained for Dicer (I). Cytoplasmic granules stained positive for Dicer and MB are also shown in enlarged images in K. Not all miR-430 cytoplasmic granules co-localized with Mknk2b mRNA or Dicer (arrows in A and H) and vice versa (arrows in B and I). Scale bars, 10 m in C, G, and J and 1 m in D and K. the nucleus. This result suggests that the nuclear targets of MB are likely to be miR-430 precursors but not mature miR-430.
Discussion
In this study, we designed a molecular beacon to detect miR-430, a miRNA family that is highly expressed during early devel-opment in the zebrafish. Based on findings from previous work that molecular beacons with an RNA backbone have higher affinity than DNA or LNA backbone toward miRNA (16) , we chose to use 2Ј-O-methyl RNA backbone for designing our MB-miR430b. Indeed, our in vitro results show that MB forms a more stable complex with its target having an RNA backbone than DNA backbone. In terms of sequence specificity, Stacked images from selected time points are shown. Neural folds (indicated by red arrows) can be clearly seen in the embryo injected with control beacon in the later part of the experiment, whereas it is absent in the embryo injected with MB. A 2D image of the same MB-injected embryo showed the absence of a lumen in the brain at 24 hpf (C), whereas the same control embryo clearly showed a lumen in the brain (yellow arrow) in the same time period (E). During the time lapse experiment, the embryo was immobilized in 1% low melting agarose and thus remained in a spherical shape. After imaging with the Lightsheet microscope, the embryo was alive, and when released from the agarose, it was allowed to return to its normal shape with its newly developed tail as imaged using a Zeiss LSM 710 confocal microscope (D and F). At 24 hpf, embryos were fixed (G), and 2D images (I) were obtained using confocal microscopy. The embryos injected with MB showed clear defects in brain ventricle development at 24 hpf (G), whereas control embryo developed brain morphology indicative of a forebrain, midbrain, and hindbrain (I). Bright field images of embryos injected with MB and control beacon at 48 hpf are shown in H and J, respectively. All images, except G and I, are images of live embryos. Scale bars, 100 m. Otic vesicles are indicated by white arrows (in all panels). F, forebrain; M, midbrain; H, hindbrain. a Zebrafish embryos were injected with MB locally and monitored for developmental defects from 1 to 7 dpf as described in Fig. 5 . b Defect in kidney function was scored by total body edema as shown in Fig. 5C . c Defect in blood/circulation was scored by the complete absence of blood and movement in the circulation system when viewed under light microscope. d True positive means embryos scored with developmental defects matched with the accumulation of MB in the specification region. e False positive means embryos scored with developmental defects not matched with the accumulation of MB in the specification region.
MB-miR430b has the highest affinity toward targets that are fully complementary (miR-430b-RNA) but can still bind to other miR-430 members such as miR-430c-RNA with a much lower affinity. This finding suggests that MB can probably detect other members of miR-430 family when injected into zebrafish embryos. Upon microinjection into the zebrafish embryo at the 1-cell stage, MB was found to distribute to two different intracellular compartments. Even as early as the 16-cell stage, MB was found to localize to the nucleus. When transcription was inhibited, this nuclear signal was completely abolished, suggesting that MB was not binding to the miR-430 genes. Starting at 4 hpf, around the time of MZT, punctate structures were observed throughout the cytoplasm. Competition experiments using miR-430 morpholino could only prevent MB localization to cytoplasmic granules but not to the nucleus. We propose that nuclear localization of MB is likely due to MB binding to the miR-430 precursors. The morpholino, which is made of DNA, is not likely to be as effective as MB in binding to miR-430 precursors. Although several mature miRNAs, including miR-29b, have been shown to localize to the nucleus (31-36), we think it is not the case for miR-430 because the hexanucleotide element that was found to direct miR-29b to the nucleus (31) is not present in miR-430. Cytoplasmic granules are presumably the turnover sites of the target mRNAs of miR-430. Because miR-430 is known to cause massive turnover of maternal mRNAs (18) , co-localization of miR-430 with poly(A) mRNA was highly expected. However, our in situ hybridization experiments showed insignificant co-localization in the cytoplasm. Rather, our results clearly showed co-localization of miR-430 and Mknk2b mRNA in cytoplasmic granules. Our results also suggest that miR-430-directed turnover of mRNAs may employ a novel mechanism because none of the previously known RNA degradation machineries such as the exosome and P-bodies were found to co-localize with miR-430. Conversely, immunostaining experiments showed that some of these cytoplasmic granules were occupied with Dicer, an endoribonuclease involved in the maturation of microRNAs. In summary, our results indicate that at least some of the cytoplasmic granules are involved in the biogenesis of miR-430, and some granules are the functional site of miR-430 with its target mRNA.
Another novel finding from this study is the ability of specific molecular beacons to inhibit the function of the targeted miRNA based on the developmental defects observed. When MB was injected into the embryo at the 1-cell stage in an attempt to deliver the beacon to all of the cells, the most obvious phenotypic change observed was defects in brain ventricle development. This finding agrees with a previous report on the morphological function of miR-430 in brain development (23) . When MB was administered into a more localized cell population, we observed morphological defects that are more related to the future fate of the cell population. In general, we grouped the defects into four different categories, including brain/notochord, heart, kidney, and blood/circulation. Accumulation of MB in cells at the dorsal region of the embryo mainly resulted in brain or notochord developmental defects, whereas accumulation of MB at the ventral midline resulted in blood/circulation defects. MB accumulation in cells located off the midline of the embryo resulted in defects indicative of heart and kidney development. We also performed rescue experiments by injecting MB premixed with miR-430b, but severe defects that are not restricted to the brain, heart, and blood/circulation develop-FIGURE 6. MB is superior to MO in inhibiting miR-430. Groups of 3-9 zebrafish embryos were injected with each of the indicated dose of MB or MO at the 1-cell stage and then monitored for brain defects at 24 hpf. A, dose response of MB and MO averaged from 4 -7 replicate experiments Ϯ S.D. B, representative embryos injected with the indicated dose of MB or MO showing hollow brain cavities (panels i, iv, and v) was scored as normal, whereas embryos with the absence of lumen in the brain area were scored as brain defects (panels ii, iii, and vi). C, co-injection of MO and MB. Injection of MO (3 mol) completely abolished MB localization in cytoplasmic granules. Scale bars, 100 m in B and 10 m in C. ment were observed (data not shown). These results suggested nonspecific defects caused by the toxicity of dsRNA as demonstrated previously (37) . Thus, rescue experiments were not a feasible option to confirm the inhibitory effects of MB on miR-430. As an alternative, we measured the levels of mRNAs that are known targets of miR-430, and indeed they were up-regulated in embryos injected with MB ( Table 2) . To our knowledge, this is the first study to demonstrate that miR-430 plays a diverse role in morphogenesis and is required in different progenitor populations to control gene expression in a spatial and temporal manner. Previous work using the MZdicer mutants demonstrated that injection of miR-430 could only rescue the brain defects but not defects in heart, circulation, and ear development (23) . We reason that the required amount of miR-430 in different progenitor cells is probably variable at different developmental stages, and a single injection of miR-430 at the 1-cell stage may not be sufficient to deliver the right amount of miR-430 to all different progenitor cells. Indeed, miR-430 was also shown to control germ cell migration at a later stage (38) , further supporting a diverse role of miR-430 in embryonic development.
Currently, there are several strategies to study the loss of function of miRNAs, including genetic knock-out, miRNA sponges, anti-miR oligonucleotides, and target protectors (39) . The latter two are more widely used in zebrafish and are made with morpholino oligonucleotides, which are resistant to nuclease and are target-specific. Anti-miR oligonucleotides are antisense to the mature miRNA of interest, whereas target protectors are oligonucleotides that are antisense to a specific target mRNA of the miRNA of interest (20, 38, 40 -44) . Hence, anti-miR oligonucleotides inhibit all the downstream function of the miRNA by inhibiting its interaction with the entire miRNA seed family of mRNAs, whereas target protectors are only inhibiting the specific interaction of a particular miRNA with one of its many target mRNAs. Because molecular beacons also contain a sequence that is antisense to its target miRNA, it is not surprising that it also has an inhibitory function. However, it is interesting to note that MB was a very potent miR-430 inhibitor. In this study, MB was found to be 2 orders of magnitude more potent than MO. The higher efficacy of molecular beacon as a miRNA inhibitor may be due to its secondary structure, which exposes the complementary sequence in a singlestranded loop. Inhibition of miRNAs inside the cell is probably more complicated than was envisioned. In the cytoplasm, mature miRNAs are found associated with cellular components for RNA silencing and degradation such as the P bodies and GW bodies (45) . In these structures, miRNAs may already have bound mRNAs and are not very accessible for anti-miR bind-ing. Having the complementary sequence in a single-stranded loop may increase the probability of the miRNA inhibitor to encounter with the target miRNA under in vivo conditions. Other anti-miR oligonucleotides and target protectors are not necessarily in a linear conformation and may form secondary structures that mask the complementary sequence. Another possible explanation for the higher efficacy of MB as a miRNA inhibitor is the RNA backbone instead of DNA backbone. As demonstrated in this study, RNA-RNA hybrid is more stable than DNA-RNA hybrid. Thus, this may explain why MB is able to bind better to miR-430 precursors than MO. As a result, MB may be a stronger miRNA inhibitor because of its ability to interfere with miR-430 biogenesis.
The use of molecular beacon as a miRNA sensor has been attempted in many studies using cell lines. However, it is difficult to determine whether the results obtained truly represent the localization of the miRNAs because of the method used for the intracellular delivery of these molecular beacons. Lipidbased delivery methods are notorious for delivery to the endocytic pathway and thus would bias the localization results. In fact, none of these studies reported any inhibitory effect of the molecular beacon on the miRNA. Perhaps, this is an indication that none of these studies were successful in using molecular beacon as a specific sensor in these systems. Our study showed for the first time, using zebrafish embryos and microinjection to bypass the obstacles in delivery, the success and usefulness of molecular beacon as a miRNA sensor. Our results clearly showed that, at least in the zebrafish model, molecular beacons can be employed to perform dual functions to detect a specific miRNA and as an miRNA inhibitor. Microinjection of molecular beacons into actively dividing cells has the advantage of delivering the oligonucleotide directly to both the cytoplasm and the nucleus because the nuclear envelop disassembles and reassembles with each short cell cycle during development. From the perspective of developing molecular beacon as a miRNA inhibitor, we propose that it is advantageous to have an inhibitor that acts earlier in the miRNA biogenesis pathway in addition to being a stronger decoy. From the perspective of using molecular beacon as a detector, the developmental defects induced can be used as confirmation of the sensor targeting the right miRNA.
Experimental Procedures
Materials-All molecular beacons, MB-miR430b, which is here referred to as MB (5Ј-6-FAM-CUGCCCUACCCCAAC-UUGAUAGCACUUUGGCAG-Iowa Black-3Ј), the control beacon for detecting piR-dre-210905 (5Ј-6-FAM-CUGC-CAAAGCCAGCCAACUGCGUACGGCAG-Iowa Black-3Ј), MB-c-Myc (5Ј-Cy3-CUGCCGGGGGCCUUUUCAUUG-UUUUCCCGGCAG-Black Hole Quencher-3Ј), MB-Mknk2b (5Ј-Cy3-CUGCCUUGAUAAAAGUGCUGCUGGCAG-Iowa Black-3Ј), and MB-Tnfaip1 (5Ј-Cy3-CUGCCAAAAAUGAG-GUAAAUAGGCAG-Iowa Black-3Ј) contain 2ЈO-methyl RNA bases and were purchased from IDT (Coralville, Iowa). DNA oligonucleotides corresponding to the sequences of miR-430a (5Ј-TAAGTGCTATTTGTTGGCGTAG-3Ј), miR-430b (5Ј-AAAGTGCTATCAAGTTGGGGTAG-3Ј), miR-430c (5Ј-TAAGTGCTTCTCTTTGGGGTAG-3Ј), and miR-430i (5Ј-TAAGTGCTATTTGTTGGCGTAG-3Ј) were purchased from IDT. 5Ј-Labeled Cy3-oligo(dT) (30-mer) and RNA oligonucleotides corresponding to miR-430b (5Ј-AAAGUGCUAU-CAAGUUGGGGUAG-3Ј) and miR-430c (5Ј-UAAGUGCUU-CUCUUUGGGGUAG-3Ј) were also purchased from IDT. Morpholino targeted to miR-430 (5Ј-CTACCCCAACTT-GATAGCACTTT-3Ј) was purchased from Gene Tools (Philomath, OR). Anti-Dis3 antibody (LS-C187155) was purchased from LifeSpan BioSciences, Inc. (Seattle, WA). Anti-RPS2 (N2C3) was obtained from Genetex (Irvine, CA). Anti-Dcp1a (AB2) was purchased from Sigma. Anti-Dicer (R13D6) was obtained from Clonegene.
Design of Molecular Beacons-The molecular beacons used in this study (MB, MB-c-Myc, MB-Mknk2b, and the control beacon for detecting piR-dre-210905) were designed as according to the published procedure of Bratu et al. (46) using 2Ј-Omethyl RNA bases. These small hairpins have a single-stranded loop region ranging from 17 to 23 nucleotides long and a double-stranded stem, which is 5 nucleotides long. A fluorophore and quencher is attached to the 5Ј and 3Ј end of the hairpins as illustrated in Fig. 1A .
Microinjection and Fixation of Embryos-Zebrafish embryos were microinjected at the 1-cell stage with MB (0.02-0.24 mol) or the control beacon (0.002-0.3 mol) to study miR-430 intracellular localization. A lower dose of MB (0.005-0.02 mol) was injected either at the 1-cell stage or 16-cell stage to study developmental defects. No developmental defects were observed with control beacon injected as high as 0.3 mol. Following injection, the embryos were incubated in 30% Danieau's solution at 28°C to allow for development until microscopy or fixation. For fixation, embryos were manually dechorionated and then fixed in 4% paraformaldehyde at 4°C overnight. After washing with PBS three times, the embryos were progressively dehydrated in methanol to reach 100% methanol in the final step, before long term storage (up to 1 year) at Ϫ80°C until immunohistochemistry. For in situ hybridization, embryos were stored at Ϫ20°C in 100% methanol for 1 h before rehydration progressively in PBS/methanol solutions to reach 100% PBS. After three washes in 2ϫ SSC, the embryos were prehybridized at 37°C for 1 h in 2ϫ SSC with 50% formamide, 1% BSA, and tRNA (10 mg/ml). The embryos were then hybridized with Cy3-oligo(dT) (60 nM) in the same prehybridization solution at 37°C for 16 h. After three washes with 2ϫ SSC at 37°C (5 min each), the embryos were imaged using confocal microscopy. For immunohistochemistry, the embryos were blocked overnight at 4°C with 1% BSA in PBS containing 1% DMSO and then immunostained with either anti-Dis3 antibody (1:100), anti-RPS2 (1:200), or anti-Dcp1a (1:50) diluted in block buffer.
Anti-rabbit Alexa Fluor 594 (diluted 1:200) was used as secondary antibody. After each immunostaining step with antibody, the embryos were washed three times in PBS containing 1% DMSO.
Hybridization Assay and Melt Curve-The binding of MB to various tested target molecules was carried out in a 384-well plate in 50 l of buffer containing 10 mM Tris-Cl (pH 7.4), 50 mM NaCl, and 10 nM MB. Real time fluorescence signal was monitored using a Synergy TM 2 multidetection microplate reader (BioTek Instruments) immediately after the addition of the tested target molecules at concentrations indicated for each experiment. The binding of MB was also assessed by determining the melting temperature of MB with each of the target molecules using IQ TM 5 multicolor real time PCR detection system (Bio-Rad). In the experiment, 200 nM of MB and 1.6 M of each target molecule were used in 25 l of the binding assay buffer described above. After an initial denaturation step of 95°C for 1 min, the temperature was lowered from 80 to 25°C at a rate of 1°C/min. The change in fluorescence signal, expressed as Ϫd(RFU)/dT, was monitored as a function of temperature, and the melting temperature of the each hybrid was determined at the peak of Ϫd(RFU)/dT. Representative results from three experiments are shown.
Microscopy-Bright field images in Figs. 4, 5C , and 6B were captured using a Nikon AZ100 Multizoom microscope. For Lightsheet microscopy, live embryos were immobilized in 1% low melting agarose prepared in Daneau's solution and maintained at 28°C. The embryos were imaged using a Zeiss Lightsheet Z.1 microscope every 20 min with a total of 70 stacks captured at each time point ( Fig. 4 , A-C and E). Live imaging (Figs. 2, E-H, and 5B) was also performed using the spinning disk microscope (Carl Zeiss AxioObserver Z1 inverted microscope with a Yokogawa CSU-X1 spinning disk unit and an Andor iXon897BV EMCCD camera). The embryos were maintained at 28°C on a heating stage, whereas images were captured using a 20ϫ (Plan-Apochromat, 0.8 NA) objective lens and with iQ operation software (Andor Technology). All other 2D confocal images were obtained using either a LSM710 (Figs. 2C and 4, D and F), LSM780 ( Fig. 2A Quantitative Real Time PCR-Embryos were injected with MB (0.02pmol) at the 1-cell stage. At 2 days postfertilization (dpf), between 20 and 40 embryos were collected into RNAlater solution (Ambion) and stored at Ϫ80°C until total RNA extraction. RNA extraction was performed using the mirVana kit (Ambion). Prior to cDNA synthesis using the iScript kit (Bio-RAD), 500 ng of total RNA was subjected to DNA removal using the DNA-free TM kit (Ambion). qRT-PCR was performed to measure Mknk2b, Got2a, and CTZS mRNA levels using the following primers (5Ј to 3Ј): Mknk2b: forward, ACACATT-TAGCCCCTACCGC, and reverse, GCAACAACGGTG-GTCTTAGC; Got2a: forward, GTCTTACAGCTCCG-GGCAAG, and reverse, ACACTGCTGAGGACGAATGG; and CTZS: forward, CACTAGTGCATTAGCAGATCG-TATCA, and reverse, CAATCACGTTCTGGACAGAGAGA. The thermal cycling protocol was according to previously established procedures with an annealing temperature of 60°C (47, 48) . 
